This study was performed to estimate the mean pharmacokinetic parameters of routinely administered metoprolol in middle-aged and elderly Japanese patients. Whole blood concentration data (65 samples) at steady-state following repetitive administration to 34 patients were analyzed using a nonlinear mixed effects model. A one-compartment model was parameterized in terms of oral clearance (CL/F) and apparent volume of distribution (V/F). We evaluated the effect of polymorphic alleles (CYP2D6*2, CYP2D6*10, CYP2C19*2 and CYP2C19*3), age, gender, and heart failure on the pharmacokinetic parameters of metoprolol. The CL/F value in patients homozygous for the CYP2D6*10 allele was 64% lower than that in patients with a CYP2D6*1/*1 or *1/*2 genotype. The CL/F value in older (Ͼ70 years old) patients was 26% lower than that in younger (Յ70 years old) patients. In addition, the V/F value in patients homozygous for the CYP2D6*10 allele was 25% lower than that in patients with the CYP2D6*1/*1 or *1/*2 genotype. On the other hand, the CYP2C19 genotype, gender, and heart failure showed no significant effects on the pharmacokinetics of metoprolol. The results suggest that the pharmacokinetic variability of metoprolol in Japanese extensive metabolizers of CYP2D6 is very large, probably because CYP2D6*10 is responsible not only for the decreased systemic clearance (CL) but also for the increased bioavailability (F) of the drug.
In addition, a pronounced interethnic difference is present in the allele frequencies of individual variants of CYP2D6. Poor metabolism due to CYP2D6 occurs in 7% of Caucasians but less than 1% of Asians. 2, 3) Among Asian extensive metabolizers, the three most common alleles of the CYP2D6 gene are CYP2D6*1, CYP2D6*2, and CYP2D6*10. 4 Thr amino acid substitutions, 5) and CYP2D6*10 produces an enzyme with Pro 34 Ser and Ser
486
Thr amino acid substitutions. 6, 7) The allele frequencies of CYP2D6*1, *2, and *10 in Asian subjects are 23-45%, 9-20%, and 38-54%, respectively, whereas the allele frequencies of CYP2D6*1, *2, and *10 in Caucasian subjects are 33-40%, 22-34%, and 1-8%, respectively. 1, [8] [9] [10] Recently, we have examined the effect of CYP2D6*2 and CYP2D6*10 on the steady-state plasma concentration of routinely administered metoprolol in middle-aged and elderly Japanese patients, and found that CYP2D6*10 but not CYP2D6*2 is largely responsible for the pharmacokinetic variability of metoprolol. 11) Metoprolol is extensively metabolized in the liver. Therefore, the orally administered metoprolol is subjected to avid hepatic first-pass extraction. 12, 13) Wilkinson and Shand have stated as follows: "since drug distributed in the erythrocyte usually equilibrates rapidly with that in the plasma, and any drug in the red blood cells is generally available for hepatic extraction, and blood rather than plasma concentrations must be used when any physiological interpretation is placed on the clearance process." 14) Previously, we have reported that the V/F value of metoprolol in Japanese patients with CYP2D6*10 is lower than that in patients without CYP2D6*10, and suggested that hepatic first-pass extraction may be decreased in patients with CYP2D6*10.
11) Therefore, in this study, we analyzed newly measured blood concentrations of metoprolol to evaluate hepatic first-pass extraction and bioavailability (F) of the drug.
The protein binding of metoprolol in human plasma is only about 12%. 13 ) Therefore, it is unlikely that the alteration of plasma unbound fraction of the drug is responsible for the pharmacokinetic variability in patients. On the other hand, several studies reported on the effect of age on the pharmacokinetics of metoprolol. Regårdh et al. found that there is no effect of age on the pharmacokinetics of metoprolol. 15) In contrast, Kendall et al. reported that the mean plasma levels of metoprolol tend to be higher in elderly normotensive subjects (62-77 years old) than in middle-aged hypertensive patients (50-61 years old) and young healthy volunteers (20-26 years old). 16) Rendic suggested that not only CYP2D6 but also CYP2C19 contributes to the metabolism of metoprolol as well as propranolol. 17) In addition, Luzier et al. reported that the oral clearance of metoprolol in young white women is significantly lower than that in young white men. 18) However, the effects of aging and gender on the pharmacokinetics or the contribution of CYP2C19 to the metabolism of metoprolol is unclear for the Japanese population. Accordingly, this study was designed to investigate the effect of these factors on the oral clearance (CL/F) and apparent volume of distribution (V/F) of metoprolol, where a pharmacokinetic analysis was performed using a nonlinear mixed effects model (NONMEM) program. study were the same one who participated in a previous study on plasma metoprolol concentration, and their characteristics have been previously described. 11) In brief, the subjects were Japanese patients consisting of 21 males and 13 females between 56 and 83 (meanϮS.D.: 69.6Ϯ7.6) years old, and their mean body weight (ϮS.D.) was 60.0Ϯ11.0 kg. No patients had null alleles of CYP2D6 (*4, *5, *14), and they could be divided into five groups on the basis of CYP2D6 genotypes.
MATERIALS AND METHODS

Subjects and Study Design
11) Nine patients were homozygous for the CYP2D6*1 allele (Group 1a), and five were heterozygous for the CYP2D6*1/*2 alleles (Group 1b). Finally, seven patients were heterozygous for the CYP2D6*1/*10 alleles (Group 2a), and six patients were heterozygous for the CYP2D6*2/*10 alleles (Group 2b). Seven patients were homozygous for the CYP2D6*10 allele (Group 3). In this study, five patients had symptomatic congestive heart failure (CHF): four patients were characterized as New York Heart Association (NYHA) class II, and one patient was NYHA class III. However, no patients had severe hepatic or renal failure, and none had received any potent inhibitor of CYP2D6 (e.g. amiodarone or quinidine). These patients had been routinely treated with oral administration of a rapid-release preparation of metoprolol tartrate (Seloken ® Tablets, AstraZeneca, Tokyo, Japan) at doses between 40 and 120 mg/d, and the drug was administered twice a day in 8 patients and three times a day in 26 patients. The peak blood concentration occurs within 2 h after dosing of a rapid-release preparation of metoprolol tartrate. 19) Therefore, blood samples at steady-state following repetitive administration were obtained between 2 and 4.5 h after dosing for all 34 patients. Additional blood samples just before dosing were obtained from 31 patients. All patients gave written consent to participate in this study, which was approved by the ethics committee of Toyama Medical and Pharmaceutical University.
Genotyping of CYP2C19 Genomic DNA in 34 patients was isolated from peripheral blood, and was stored at Ϫ80°C.
11) The CYP2C19*1 (wild-type) allele and two defective allelic variants, CYP2C19*2 and CYP2C19*3, were determined using the polymerase chain reaction-restriction fragment length polymorphism method as described by Lamba et al. 20) The homozygotes of CYP2C19*1 and the heterozygotes of mutant alleles (CYP2C19*1/*2 and *1/*3) were defined as extensive metabolizers of CYP2C19. The homozygotes for mutant alleles (CYP2C19*2/*2, *2/*3, and *3/*3) were defined as poor metabolizers of CYP2C19.
Assay of Metoprolol in Whole Blood
The blood metoprolol concentration was measured using HPLC as described by Hamelin et al. with minor modifications. 21) Briefly, whole blood samples (0.5 ml) were mixed with an identical volume of distilled water to hemolyze the blood cells. After alkalinization with 3 ml of glycine buffer (0.1 M, saturated with NaCl, pH 10.6), the samples were mildly extracted with 5 ml of diethylether for 20 min. Metoprolol was back-extracted from the organic phase with 0.2 ml of 0.05 N HCl. A 50 ml aliquot of HCl solution was injected onto the HPLC system. The column was a COSMOSIL 5C18-AR-II (15 cmϫ 4.6 mm; i.d. 4.5 mm particle size; Nacalai tesque). The mobile phase consisted of 10 mM KH 2 PO 4 /acetonitrile (90.5/9.5) that contained 0.6% (wt/vol) triethylamine adjusted to pH 3.3 with phosphoric acid. The peaks were monitored at an excitation wavelength of 272 nm and an emission wavelength of 303 nm. The coefficient of variation for this assay was 2.1% and 1.3% at whole blood concentrations of 5 ng/ml and 50 ng/ml, respectively. The detection limit for metoprolol was 2 ng/ml for its whole blood concentration.
Nonlinear Mixed Effects Model of the Pharmacokinetics of Metoprolol
The time required to reach the peak concentration after oral administration of a rapid-release preparation of metoprolol (e.g. Seloken ® Tablets) is known to be short. 19) Therefore, the one-compartment model with repetitive bolus dosing was parameterized in terms of CL/F and V/F. 22) For the simplest basic model (Model 1), the oral clearance in the ith individual (CL/F i ) was modeled using the following equation:
where q 1 is the predicted population mean of the oral clearance, WT i is the individual body weight, and h CL/F i is a random variable distributed with a mean of zero and variance of w 2 CL/F . The apparent volume of distribution in the ith individual (V/F i ) was modeled using the following equation:
where q 2 is the predicted population mean of the apparent distribution volume, and h V/F i is a random variable with a mean of zero and variance of w 2 V/F . Finally, the jth observed blood concentration in the ith patient (Cb ij ) was assumed to be randomly and normally distributed from the jth predicted blood concentration in the ith patient (Cb* ij ):
where e ij is a random variable that describes intraindividual variability with a mean of zero and variance of s 2 . Table 1 summarizes the 16 analysis models used in this study. The effects of body weight (WT) on CL/F and V/F were evaluated by Model 2 and Model 3, respectively. The effects of the CYP2D6*10 genotype on CL/F and V/F were evaluated by Models 4, 5, 6, and 7; where G1ϭ1 and G3ϭ0 for the Group 1 patients with CYP2D6*1/*1 and *1/*2, G1ϭ0 and G3ϭ0 for the Group 2 patients with CYP2D6*1/*10 and *2/*10, and G1ϭ0 and G3ϭ1 for the Group 3 patients with CYP2D6*10/*10. The effects of age (AGE) on CL/F and V/F were evaluated by Models 8, 9, and 10; where AGEϾ70 is one for the older (71-83 years old) patients, and zero for the younger (56-70 years old) patients. The effects of gender on CL/F and V/F were evaluated by Models 11 and 12, respectively; where SEX is one for females and zero for males. The effects of heart failure on CL/F and V/F were evaluated by Models 13 and 14, respectively; where CHF is one for patients with NYHA II-III and zero for patients without heart failure. In addition, the effect of the CYP2D6*2 genotype on CL/F was evaluated by Model 15; where 2D6*2 is one for patients with CYP2D6*2 and zero for patients without CYP2D6*2. The effect of poor metabolizer genotypes of CYP2C19 on CL/F was evaluated by Model 16; where 2C19PM is one for poor metabolizers of CYP2C19 and zero for extensive metabolizers of CYP2C19.
Data Analysis Data analysis was performed with NON-MEM software (double precision NONMEM Version V Level 1.1, PREDPP Version IV Level 1.1, and NM-TRAN Version III Level 1.1) 23) running on a mainframe UNIX com-puter at the Kyoto University Data Processing Center. In the present study, we used a first-order estimation method and the NONMEM-PREDPP library subroutines ADVAN1 and TRANS2 for the one-compartment model with bolus dosing. 23) Statistical significance of the parameters was evaluated by the likelihood ratio test using the minimum value of the objective function (Ϫ2 log likelihood) produced by NONMEM. 23) That is, when the difference of Ϫ2 log likelihood (LLD) between two models allowing a parameter of interest freely estimated versus a fixed hypothetical value was greater than 3.84, the parameter value was considered to be statistically significant (pϽ0.05). In addition, NONMEM provides estimates of the standard error (S.E.) for all the parameters, and S.E. can be used to define 95% confidence intervals (CI) for true parameter values: 95% CIϭ(the estimated parameter value)Ϯ1.96 · S.E. 23) RESULTS Figure 1 shows the relationship between the measured blood concentration and plasma concentration of metoprolol in 34 Japanese patients. The large interindividual variability was observed in the blood/plasma concentration (B/P) ratio. Figure 2 shows the observed blood concentrations of metoprolol in the 34 patients. The blood metoprolol concentrations of Group 1a (patients with CYP2D6*1/*1) were similar to those of Group 1b (patients with CYP2D6*1/*2). There was little difference between the blood concentrations of Group 2a (patients with CYP2D6*1/*10) and those of Group 2b (patients with CYP2D6*2/*10), and higher levels of metoprolol were observed in Group 2 (Group 2a plus 2b) compared with Group 1 (Group 1a plus 1b) . The blood levels of Group 3 (patients with CYP2D6*10/*10) were considerably higher than those of Groups 1 and 2.
Sixty-five blood metoprolol concentration data points from 34 patients were analyzed using 16 pharmacokinetic models, and the LLD values are summarized in Table 1 . The population mean pharmacokinetic parameters, q 1 and q 2 , for Model 1 were estimated to be 0.811 l/h/kg and 5.17 l/kg, respectively. The w CL/F and w V/F values for Model 1 were estimated to be 69.7% and 38.6%, respectively. The q 3 value for Model 2 and the q 4 value for Model 3 were estimated to be 0.722 and 1.15, respectively. However, the LLD values for Models 2 and 3 did not reach a statistically significant level ( Table 1) .
The q 5 and w CL/F values for Model 4 were estimated to be 0.377 l/h/kg and 36.3%, respectively, and the LLD value was 54.35 (pϽ0.001) ( Table 1) , indicating a significant effect of the CYP2D*10 allele on the pharmacokinetic variability of metoprolol. However, no further significant improvement by the introduction of q 6 was observed in the LLD value for Model 5 ( Table 1 ). The q 7 and w V/F values for Model 6 were estimated to be 0.738 l/kg and 13.2%, respectively, and the LLD value was 6.36 (pϽ0.025). No further improvement by the introduction of q 8 was observed in the LLD value for Model 7 ( Table 1) .
The q 9 value was estimated to be 0.0133 for Model 8; however, the LLD value did not reach a statistically significant level (Table 1 ). In contrast, the q 10 value for Model 9 was estimated to be 0.739, and the LLD value was 6.76 (pϽ0.01), which indicated that the CL/F value in the older (Ͼ70 years old) patients was significantly lower than that in the younger (Յ70 years old) patients. The q 11 value for Model 10 was estimated to be 0.888, and the LLD value in Model 10 was 1.13. Thus no significant effect of aging on V/F was detected for Model 10 ( Table 1) .
The q 12 value for Model 11 and the q 13 value for Model 12 were estimated to be 0.848 and 0.951, respectively. The q 14 value for Model 13 and the q 15 value for Model 14 were estimated to be 0.863 and 1.04, respectively. The q 16 value for Model 15 and the q 17 value for Model 16 were estimated to be 1.19 and 0.974, respectively. However, the LLD values in Models 11-16 did not reach a statistically significant level (Table 1) . Accordingly, Model 9 was selected as the final model to describe the pharmacokinetics of routinely administered metoprolol in middle-aged and elderly Japanese patients. Table 2 shows the final estimates of population pharmacokinetic parameters of metoprolol and their 95% CI for Model 9. The final CL/F (q 1 ) and V/F (q 2 ) values in Group 2 were estimated to be 0.938 l/h/kg and 4.52 l/kg, respectively. On the other hand, the CL/F value in Group 1 (q 1 ϩq 5 ) was 2.76 times as large as that in Group 3 (q 1 Ϫq 5 ). In addition, the mean CL/F value in the older (Ͼ70 years old) patients was 1644 Vol. 27, No. 10 estimated to be 73.9% (q 10 ) of that in the younger (Յ70 years old) patients. The V/F value in Group 1 (q 2 ϩq 7 ) was 1.33 times as large as that in Group 3 (q 2 Ϫq 7 ). The final w CL/F and w V/F values were 29.7% and 17.1%, respectively, which were much smaller than those for Model 1. Figure 3 shows the effect of CYP2D6*10, age, gender, and cardiac function on the individual CL/F values of metoprolol for the 34 patients, where the pharmacokinetic parameters in individual patients were obtained from population estimates for Model 9 according to Bayes' theorem using the NON-MEM posthoc option. Significant effects of the CYP2D6*10 genotype and aging were observed in the individual CL/F values, whereas no significant effect of gender and cardiac function was observed (Fig. 3) . Figure 4 shows the effect of CYP2D6*10, age, gender, and cardiac function on the individual V/F values of metoprolol in 34 patients. A significant effect of the CYP2D6*10 genotype was observed on the individual V/F values, whereas no significant effect of gender, age, and cardiac function was observed (Fig. 4) . Figure 5 shows the effect of CYP2D6*2 and the CYP2C19 genotype on the individual CL/F values of metoprolol in 34 patients. The CL/F values in patients with CYP2D6*2 were similar to those in patients without CYP2D6*2. In addition, the CL/F values for poor metabolizers of CYP2C19 were similar to those for extensive metabolizers of CYP2C19. 
DISCUSSION
In this study, we measured the concentrations of metoprolol in whole blood obtained from 34 middle-aged and elderly Japanese patients, and estimated the CL/F and V/F of the drug using the NONMEM program. The present study confirmed the previous findings 11) that the CL/F and V/F values in patients with the CYP2D6*10 allele were significantly lower than those in patients without it (Table 1, Figs. 2, 3 ). In addition, the CL/F value in the older (Ͼ70 years old) patients was lower than in the younger (Յ70 years old) patients (Table 1, Fig. 2 ). On the other hand, the CYP2D6*2 allele, CYP2C19 genotype, gender, and heart failure showed no significant effects on the pharmacokinetics of metoprolol (Table  1, Figs. 2-4) . The mean pharmacokinetic parameters of metoprolol estimated in the present study were comparable with those in the previous report, 11) although the considerable interindividual variability was observed in the B/P ratio of the drug (Table 2 , Fig. 1 ).
Fractional systemic bioavailability (F) is determined by the fraction of drugs absorbed from the gastrointestinal tract (F abs ) and the fraction that escapes hepatic first-pass extraction (F h ) as follows:
Metoprolol is virtually completely absorbed from the gastrointestinal tract after oral administration, and is metabolized almost exclusively in the liver. 12, 13) Therefore, assuming that the gastrointestinal absorption is complete (F abs ϭ1), F can be described by the following equation according to the well-stirred model 24) : (5) where Q h is hepatic blood flow, f u is the unbound fraction of metoprolol in the blood, and CL int is the intrinsic hepatic clearance of the drug. In addition, assuming that there is no extrahepatic metabolism (excretion), CL/F can be described by the following equation 24) : CL/Fϭf u · CL int (6) Since the bound fraction of metoprolol in human plasma is only 12%, 13) the alteration of plasma protein binding of the drug would have little influence on the CL/F value. In contrast, a reduced CL int value caused by CYP2D6*10 and aging can lead to a decrease in the CL/F value. Fukuda et al. suggested that decreased drug clearance due to CYP2D6*10 could be caused by the low expression and affinity of CYP2D6. 25) In addition, Castleden et al. suggested that hepatic metabolism and extraction during the first pass of the CYP2D6 substrate, propranolol, is decreased by aging. 26, 27) Ward et al. reported that 4-hydroxylation of propranolol, structurally similar to metoprolol, is catalyzed by CYP2D6, but side-chain oxidation of the drug is catalyzed in part by CYP2C19. 28) Consequently, the metabolic clearance of sidechain oxidation of propranolol was 55% less in the poor metabolizers of CYP2C19 than in the extensive metabolizers of CYP2C19. 28) On the other hand, metoprolol is mainly metabolized by the three routes of O-demethylation, a-hydroxylation, and N-dealkylation, and these metabolites are excreted in the urine. 29 ) N-Dealkylation of metoprolol is mediated by CYP2D6 and also CYP2C19. 17) However, Regårdh and Johnsson reported that O-demethylation and a-hydroxylation are mediated by CYP2D6, and that the metabolites formed by these mechanisms account for 70% of the urinary recovery of metoprolol doses. 13) These reports suggest that metoprolol is mainly metabolized by CYP2D6, which is consistent with the present finding that CYP2C19 genotype showed no significant effect on the CL/F values of metoprolol (Table  1 , Fig. 4) . Table 3 summarizes the CL/F and V/F values in a typical patient for Groups 1, 2, and 3, where the pharmacokinetic parameters in the younger (Յ70 years old) and also older (Ͼ70 years old) patients were obtained from population estimates for Model 9 ( Table 2 ). The CL/F and V/F values listed in Table 3 were almost identical to the mean CL/F and V/F values shown in Figs. 3 and 4 . In the present study, the hepatic clearance of metoprolol could be interpreted physiologically, because the blood metoprolol concentrations were used for the pharmacokinetic analysis. 14, 24) Then, the F values were estimated using Eqs. 5 and 6, assuming that the Q h value in a typical younger (Յ70 years old) and older (Ͼ70 years old) patient is 1.29 l/h/kg and 1.02 l/h/kg, respectively. 30) In addition, the systemic clearance (CL) and volume of distribution (V) were calculated as follows: (Table 3) . Accordingly, we thought that the significant effect of the CYP2D6*10 genotype on the CL/F value was probably due not only to the decrease in CL but also to the increase in F. On the other hand, the significant effect of aging on CL/F was thought to be mainly due to the decrease in CL. In addition, we thought that the increase in F was mainly responsible for the significant effect of the CYP2D6*10 genotype on the V/F value, because it was unlikely that a genetic mutation in CYP2D6 would affect V of the drug. 11, 31) However, the calculated V slightly fluctuated by the CYP2D6*10 genotype, which might be attributed to estimation errors in the CL/F and/or V/F values (Table 3) . That is, approximation errors could lie in the assumptions that the disposition of orally administered metoprolol is described by the one-compartment model with bolus input, that the gastrointestinal absorption of the drug is complete, that nonhepatic elimination of the drug is negligible, or that the hepatic extraction process is described by the well-stirred model. 12, 14, 19) Metoprolol has been administered to Caucasian patients with heart failure at the dose range of 12.5-200 mg/d, 32, 33) and with hypertension at the dose range of 75-450 mg/d. 34, 35) In the present study, middle-aged and elderly Japanese patients were routinely treated at a lower dose range of 40-120 mg/d, and no adverse effect of metoprolol was observed in Groups 1, 2, and 3. However, careful dose titration is necessary to treat Japanese patients at the relatively higher doses of metoprolol, because the gene frequency of CYP2D6*10 in Japanese is higher than that in Caucasians. 1, [8] [9] [10] In addition, the genotyping of CYP2D6 may be useful in designing the dosage of metoprolol for Japanese patients and in determining which patients are at risk for adverse effects.
In conclusion, we systematically estimated the variability of the pharmacokinetics of metoprolol in routinely treated middle-aged and elderly Japanese patients using the NON-MEM approach. Our findings indicate that the CYP2D6*10 allele and aging are the major factors that affects the pharmacokinetic variability of metoprolol. The results also suggest that the pharmacokinetics of metoprolol in Japanese extensive metabolizers of CYP2D6 is different from that in Caucasian extensive metabolizers because of the large interethnic difference in the gene frequency of CYP2D6*10. 
